Recombinational DNA repair is a universal aspect of DNA metabolism and is essential for genomic integrity. It is a template-directed process that uses a second chromosomal copy (sister, daughter, or homolog) to ensure proper repair of broken chromosomes. The key steps of recombination are conserved from phage through human, and an overview of those steps is provided in this review. The first step is resection by helicases and nucleases to produce single-stranded DNA (ssDNA) that defines the homologous locus. The ssDNA is a scaffold for assembly of the RecA/RAD51 filament, which promotes the homology search. On finding homology, the nucleoprotein filament catalyzes exchange of DNA strands to form a joint molecule. Recombination is controlled by regulating the fate of both RecA/RAD51 filaments and DNA pairing intermediates. Finally, intermediates that mature into Holliday structures are disjoined by either nucleolytic resolution or topological dissolution.
T he study and appreciation of homologous recombination has emerged from a diverse set of sources and disciplines. Historically, recombination was studied as an essential part and consequence of the meiotic process: both cytology of plant and animal cells, and genetic analyses of fungi including yeasts were used to understand the nature of crossing-over of genes and whole chromosomes (see Subramanian and Hochwagen 2014; Brown and Bishop 2015; Herbert et al. 2015; Hunter 2015; Lam and Keeney 2015; Zickler and Kleckner 2015) . In parallel, work in bacteria established recombination as an essential part of conjugation and natural genetic transformation (Clark and Margulies 1965; Clark 1973) , and in bacterial evolution and survival strategies (Reams and Roth 2015) . However, it was the work in phages that began a string of connections that would ultimately lead to an appreciation of recombination as an integral part of chromosomal replication. Now, the role of homologous recombination in genome maintenance in all organisms is fully appreciated. Studies in bacteriophage T4 showed that recombination was important to DNA replication by providing a DNA "primer" to permit extensive and rapid chromosomal synthesis: an early example of "break-induced" replication (Doermann et al. 1955; Mosig 1987) . This paradigm for recombination-dependent replication was then discovered to be essential for complete chromosome synthesis in the bacterium, Escherichia coli, establishing the iconoclastic view that replication of the bacte-rial chromosome was rarely completed, uninterrupted, from a bacterial origin to the terminus and that it required recombination to restore replication (Asai et al. 1994; Kogoma 1997; Syeda et al. 2014) . In short order thereafter, the general concept that homologous recombination was part of a broader aspect of DNA metabolism, a process that not only repairs DNA with breaks, either single-stranded or doublestranded, but one that also intersects and overlaps with transcription (Aguilera and Gaillard 2014) and mismatch repair (Spies and Fishel 2015) , and is affected by and affects chromosome structure (Székvölgyi et al. 2015) . Recombination-dependent repair or replication is a template-directed repair process that takes advantage of a sister (or daughter) or homologous chromosome to ensure the relatively accurate repair of the break with accompanied DNA synthesis or replication (Mehta and Haber 2014; Heyer 2015) . The homologs and analogs of these phage and bacterial proteins were subsequently uncovered in eukaryotes, initially in Saccharomyces cerevisiae and then in other sequenced genomes, verifying the ubiquity of this conserved genome maintenance system (Schiller et al. 2014; Symington 2014; Lisby and Rothstein 2015; Morrical 2015) . Because of this rich legacy, we can now conceptually understand how mutations in human genes, such as BRCA1, BRCA2, and BLM, as well as a score of FANC genes (whose mutation causes Fanconi anemia), give rise to a high predisposition to cancer because of the essential role of these proteins (and many others) in chromosome and telomere maintenance via recombinational DNA repair Daley et al. 2014b; Doksani and de Lange 2014; Wyatt and West 2014; Zelensky et al. 2014; Prakash et al. 2015) . The failure to repair chromosomes leads to a genetic instability that gives rise to uncontrolled cell growth characteristic of tumor cells (Hoeijmakers 2001; Deans and West 2011) .
CAUSES OF DNA BREAKS AND PATHWAYS OF RECOMBINATIONAL DNA REPAIR
DNA damage is an inescapable consequence of chemistry: DNA bases and sugars can be modified or mispaired, and chain continuity can be broken. Some of these forms of DNA damage are handled by base excision repair, nucleotide excision repair, and mismatch DNA repair systems. This review will not discuss those repair systems, but rather focus only on how DNA strand breaks are repaired by homologous recombination.
DNA strand breaks can occur directly, as the result of chemistry, or indirectly, as the result of DNA replication on a damaged template or collision with the transcription machinery (Aguilera and Gaillard 2014; Mehta and Haber 2014; Syeda et al. 2014 ). Both single-stranded DNA gaps (SSGs) and double-stranded DNA breaks (DSBs) are created every cell cycle as a consequence of DNA replication through imperfect DNA (Kowalczykowski 2000) . At first blush, one could imagine that repair of these strand discontinuities could occur by fill-in DNA synthesis or ligation. But this is not possible if the lesion cannot be replicated (e.g., an interstrand crosslink), is too slow to repair or replicate (Lange et al. 2011) , or creates a singleended DSB (e.g., replication through a nicked template). Similarly, when both ends of a single DSB are present, they can be rejoined unambiguously by nonhomologous end-joining (NHEJ); however, if more than one DSB is present in the chromosome, then the wrong ends can be rejoined, resulting in random translocations. Although NHEJ is a cellular alternative to homologous recombination for repairing DSBs, because repair via recombination is a templatedirected process, the homologous alignment step with a sister or homologous chromosome ensures a high probability of joining the correct ends.
Homologous recombination does not comprise a single simple mechanism that applies to all breaks, in all organisms, at all times. This is because of the diversity and size of SSGs and DSBs, their origin, the timing of the cell cycle, and the cell type (Mehta and Haber 2014) . Consequently, recombination mechanisms do not comprise a straightforward linear process, such as replication or transcription, but rather a collection of potentially parallel and alternative processes (Heyer 2015 ). An appreciation of the complexity of the many molecular steps and their alternatives are provided in this compilation.
However disparate these mechanisms of recombinational repair might appear, they consist of several core biochemical steps that will be summarized here. Recombinational DNA repair comprises several universal biochemical steps ( Fig. 1 ): "initiation," which is resection or enlargement of the DNA break by nucleases and DNA helicases to create single-stranded DNA (ssDNA); "homologous DNA pairing and strand exchange," which involves the search for sequence complementarity promoted by the ubiquitous RecA/RAD51 nucleoprotein filament (note that a slash [/] between protein names signifies that they behave analogously, and the comment applies to each) and the reciprocal exchange of DNA strands; "branch migration" of three-or four-stranded intermediates, where a joint molecule, single Holliday junction (HJ), or double Holliday junction (dHJ) is migrated to either extend heteroduplex DNA or disrupted to unpair the DNA through the action of a DNA motor protein and possibly a topoisomerase; and finally, separation of the joined chromosomes by nucleolytic resolution or by topological dissolution involving a type IA topoisomerase and DNA helicase. These core steps are conserved in most Phage, Bacteria, Archaea, and Eukarya (Kuzminov 1999; Kreuzer 2000; Seitz et al. 2001; Heyer et al. 2010) . Although the work in phages, particularly T4 and lambda, is classic, space constraints prohibit a detailed discussion; rather, the reader is directed to the reviews where a more extensive comparison of the DNA strand exchange proteins and their mediators includes T4 UvsX and UvsY (Zelensky et al. 2014; Morrical 2015) , the DNA resection and annealing proteins of phage l, Reda and Redb (Morrical 2015) , and the phage resolution enzymes (Wyatt and West 2014) . Similarly, the Archaea will not be summarized herein; the interested reader is referred to literature on the Archaeal orthologs of the resection machinery (Symington 2014) , the mediators (Zelensky et al. 2014) , and resolution enzymes (Wyatt and West 2014) .
Bacteria
In many bacteria, there are two major pathways for recombinational DNA repair: the RecBCD/ AddAB pathway and the RecF pathway . In E. coli, the RecBCD pathway is responsible for the repair of DSBs (Dillingham and Kowalczykowski 2008; Yeeles and Dillingham 2010) , whereas the RecF pathway is largely responsible for repairs of SSGs (Table 1) . Genetic and genomic analyses show that the RecF pathway is nearly universal among the bacteria (Rocha et al. 2005) . In other bacteria, such as Bacillus subtilis, both the AddAB and RecF pathways operate on DSBs and only the RecF pathway repairs SSGs, rationalizing the more common conservation of RecF pathway components (Rocha et al. 2005) . Although recombinational repair is segregated in wild-type E. coli, two mutations (sbcB and sbcCD) that alter two nucleases (attenuation of Exonuclease I and inactivation of SbcCD) allow the RecF pathway to act on DSBs Kuzminov 1999) , showing that the enzymes of this pathway have the capacity to act on DSBs. Interestingly, an alternate means to activate DSB resection by RecF pathway components is to eliminate the genes (xon and xse) for exonuclease I and exonuclease VII from E. coli (Viswanathan et al. 2000) ; these nucleases are not present in wild-type B. subtilis, explaining why the RecF system can act constitutively on DSBs. These nucleases degrade ssDNA from its 3 0 -end, revealing that preservation of the 3 0 -ended ssDNA intermediate at a resected DNA end is essential for repair by recombination, and also revealing biochemical conformity with the eukaryotic pathways discussed below.
Yeast
In S. cerevisiae, recombinational DNA repair is mediated by the so-called RAD52-epistatis group, and their ancillary components. The group includes Rad50, Rad51, Rad52, Rad54, Rad55, Rad57, Rad59, Mre11 (Rad58), Xrs2, Mus81, Mms4, Sgs1, Top3, Rmi1, Dna2, exonuclease 1 (Exo1), and replication protein-A . Some steps are unidirectional commitments (e.g., resection) and are shown with single arrows, whereas others are reversible (e.g., DNA pairing and invasion), and are shown with two arrows. In the latter case, the forward step is shown to the left of the arrows, and the backward step is shown to the right. Intermediates from the biochemical steps are channeled into the repair pathways shown. DSB, double-stranded DNA break; NHEJ, nonhomologous end joining; SSA, single-strand DNA annealing; SDSA, synthesis-dependent strand annealing. The outcome of each pathway, crossover or noncrossover, is indicated. (From Cejka et al. 2010b ; adapted, with permission, from the authors.) 
Proteins are listed for E. coli, S. cerevisiae, and Homo sapiens. Each major horizontal section describes the step in recombinational repair in which the listed protein functions (Fig. 1) (RPA) (Pâques and Haber 1999; Symington 2002; Heyer et al. 2010) . The RecF pathway and RAD52 group of proteins are remarkably conserved functionally, but not always structurally (Table 1) (Schiller et al. 2014) . Conceptual and technical advances in yeast genetics and cell biology permitted physical analysis and cytological observation of the DNA intermediates of recombination and the proteins associated with these intermediates. Such studies enabled elucidation of the temporal order of events in vivo and the alignment of these steps with in vitro biochemical analyses (Haber 1995; Lisby et al. 2004; Lisby and Rothstein 2015) .
Human
In humans, the proteins that effect recombinational DNA repair are remarkably conserved with those found in S. cerevisiae, but there are some notable exceptions and there is also greater complexity, with a larger potential for overlap or specialization of functions (Table 1 ). In addition to the core proteins that are homologous to proteins in yeast (RAD50, RAD51, RAD52, RAD54,  MRE11, NBS1, MUS81, EME1, EME2, BLM,  TOP3, RMI1, DNA2, EXO1 , and RPA), there are five homologs of the RecQ helicases (BLM, RECQ1, RECQ4, RECQ5, and WRN) ; multiple RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3, and possibly SWS1, SWSAP1, SWI5, and SFR1) (Daley et al. 2014b; Zelensky et al. 2014) ; two EXO1 proteins (EXO1a and EXO1b) (Tishkoff et al. 1998) ; two RMI proteins (RMI1 and RMI2) ; and two topoisomerase III enzymes (TOPIIIa and TOPIIIb) . Mutations at the BLM, WRN, and RECQ4 loci are responsible for Bloom's, Werner's, and Rothmund -Thomson/RAPIDILINO/Baller-Gerold syndromes, respectively. Mutations in these proteins result in genome instability that is manifest by cancer or premature aging (Brosh 2013 ). In addition, many more proteins, not present in yeast, are important to human recombinational DNA repair: these include the tumor suppressors, BRCA1, BRCA2 (FANCD1), and PALB2 (FANCN) (Prakash et al. 2015) . These proteins are also involved in DNA crosslink repair, a process that intersects and overlaps with recombinational DNA repair (Kottemann and Smogorzewska 2013) . Others include BRIP1/BACH1/ FANCJ, a Rad3-like helicase that interacts with BRCA1, and FANCM. In humans, BRCA1 is involved at a step of resection or just thereafter. Interestingly, human BRCA2 assumed the role of RAD51-mediator, while concomitantly, human RAD52 lost its mediator function but retained its functions in ssDNA annealing (see below and Zelensky et al. 2014 ).
PROCESSING OF DNA BREAKS: INITIATION OF RECOMBINATION
Although DNA sequence information is stored and preserved as duplex DNA, it is generally read in the form of ssDNA. In recombination as well, the homology search and DNA pairing by RecA/RAD51 require its assembly onto ssDNA (Bianco et al. 1998; Morrical 2015) . Consequently, processing of broken DNA to produce ssDNA sufficient for RecA/RAD51 filament assembly and for homologous DNA recognition is essential. This processing is not left to chance degradation or unwinding, but rather involves targeted recombination-specific helicases and nucleases (Symington 2014) .
Bacteria
In most bacteria, the two helicases primarily involved in resection are RecBCD (and analogs) (Chédin and Kowalczykowski 2002; Dillingham and Kowalczykowski 2008) and RecQ , although UvrD (helicase II) and HelD (helicase IV) can partially substitute in the absence of RecBCD and RecQ (Mendonca et al. 1995) . RecBCD enzyme also possesses an intrinsic nuclease activity that is regulated by the recombination hotspot x (Chi) (Dillingham and Kowalczykowski 2008) . E. coli RecQ is the founding member of a broad class of ubiquitous, structurally related helicases. It is a 3 0 !5 0 DNA helicase that functions in the RecF pathway (Nakayama et al. 1984; Harmon and Kowalczykowski 1998) and unwinds all forms of double-stranded DNA (dsDNA), even covalently closed dsDNA (Harmon et al. 1999; Harmon and Kowalczykowski 2001) . RecQ acts in conjunction with RecJ (Handa et al. 2009b) , which is a 5 0 !3 0 exonuclease with a preference for ssDNA (Lovett and Kolodner 1989) but which can also act on dsDNA with a 5 0 -overhang (Han et al. 2006; Handa et al. 2009b ). RecQ and RecJ coordinate their biochemical activities to resect DNA from ends that are not ideal for either protein alone (Morimatsu and Kowalczykowski 2014) . In addition, they enlarge SSGs resulting from stalled replication caused by UV-induced DNA damage, by degrading the nascent lagging strand as a prelude to RecA-dependent daughter strand gap repair needed for resumption of replication (Courcelle and Hanawalt 1999) .
RecBCD is the initiating member of a family of related multimeric helicases-nucleases found in most bacteria (Rocha et al. 2005) , but with disparate, seemingly unrelated, names (e.g., AddAB for ATP-dependent DNase and RexAB for recombination exonuclease) (Dillingham and Kowalczykowski 2008) . The E. coli enzyme functions in recombinational DSB repair and, paradoxically, degradation of foreign DNA (Smith 1991; Kuzminov 1999; Dillingham and Kowalczykowski 2008) . The nuclease activity of RecBCD is responsible for creating degraded DNA that is used by the CRISPR immunity system for acquisition of the new short DNA sequences into the CRISPR array for use against phages and foreign DNA (Levy et al. 2015) . RecBCD is a heterotrimeric complex that binds to a dsDNA end with 0.1 to 1 nM affinity and with .1000-fold specificity over internal dsDNA (Roman and Kowalczykowski 1989b) . It unwinds DNA at up to 1500 bp/sec for 30 kbp before dissociating (Roman and Kowalczykowski 1989b; Bianco et al. 2001; Spies et al. 2003 Spies et al. , 2007 Liu et al. 2013) . It has two motor subunits, RecB and RecD, each with opposite translocation polarities (RecB translocates 3 0 !5 0 and RecD translocates 5 0 !3 0 ), each traveling on a complementary strand at a different speed, and consuming 1 molecule of ATP per bp unwound (Roman and Kowalczykowski 1989a; Dillingham et al. 2003; Taylor and Smith 2003; Dillingham et al. 2005; Spies et al. , 2007 . This multitude of activities is easily understood if one views RecBCD as a prototypic DNA helicase with an associated, concurrent, ssDNA endonuclease activity. Because of its two-motor architecture, RecBCD produces growing "loop-tails" or "twin-loops" structures that provide ready access to ssDNA-binding proteins (Taylor and Smith 1980; Telander Muskavitch and Linn 1982; Spies et al. 2007 ).
The recombination hotspot, x, is a regulatory sequence that controls RecBCD functions Kowalczykowski 1991, 1993) ; in doing so, it switches RecBCD from a primarily degradative mode to a recombination mode that preserves the ssDNA beyond x and loads RecA onto that strand. The x sequence is recognized as ssDNA within dsDNA by the translocating RecBCD (Ponticelli et al. 1985; Bianco and Kowalczykowski 1997) . Recognition attenuates the vigorous 3 0 !5 0 nuclease activity of RecBCD, but it activates a weaker 5 0 !3 0 nuclease activity (Dixon and Kowalczykowski 1991; Anderson and Kowalczykowski 1997a) . Thus, x not only reduces the overall nucleolytic activity of RecBCD, but it also switches the polarity of DNA strand degradation (Anderson and Kowalczykowski 1997a) . As a result, the 3 0 -terminated DNA strand downstream from x is preserved. The x-activated RecBCD directs the loading of RecA onto this x-containing ssDNA, to the exclusion of the competitor, ssDNA-binding protein (SSB) (Anderson and Kowalczykowski 1997b; Churchill et al. 1999 ). These changes elicited by x-recognition are the consequences of a seemingly simple, although molecularly complex, mechanism wherein binding of the x sequence to the RecC subunit results in a "latch" opening from which follows a cascade of structural changes Yang et al. 2012; Krajewski et al. 2014) .
Members of the SMC-family (structural maintenance of chromosomes) play important roles in recombinational DNA repair. Perhaps the best known is Rad50, which is discussed below. Interestingly, there are three bacterial SMC-family members in bacteria, the SbcCD complex, RecF, and RecN (Schiller et al. 2014) . SbcC and SbcD are structurally similar to eu-karyotic Rad50 and Mre11, respectively, and the complex cleaves hairpin DNA (Sharples and Leach 1995; Connelly et al. 1998 ). RecF is described in more detail below. RecN is a component of RecF-pathway as defined by its requirement for conjugational recombination in recBC sbcBC strains (Picksley et al. 1984) . The function of E. coli RecN is largely unknown, but RecA is reported to recruit RecN to a DSB (Keyamura et al. 2013) . RecN, like RecF and Rad50, is an SMC-like protein, although the hinge-regions of RecN and RecF are much shorter than those other SMC proteins (Pellegrino et al. 2012; Schiller et al. 2014) . In B. subtilis, RecN appears early at DSBs implying a role in bridging of the unprocessed broken DNA ends (Sanchez et al. 2006) . Purified RecN is an ssDNAdependent ATPase that binds to DNA ends (Sanchez et al. 2008 ) and the Deinococcus protein stimulates the intermolecular ligation of linear DNA (Reyes et al. 2010 ).
Yeast
In S. cerevisiae, resection of DSBs occurs through the action of three distinct but genetically and biochemically overlapping machineries (Symington 2014) . These are the Mre11-Rad50-Xrs2 complex (MRX) and Sae2 (MRX-Sae2); the Sgs1-Top3-Rmi (STR) and Dna2 complex (STR-Dna2) together with RPA; and Exonuclease 1(Exo1), which bears no relationship to the bacterial exonuclease I.
The most enigmatic of these complexes, at least historically, must be MRX. As mentioned above, Rad50 and Mre11 are structurally similar to SbcC and SbcD, respectively (Sharples and Leach 1995; Schiller et al. 2014) . Biochemically, MR and MRX comprise a Mn 2þ -dependent exonuclease with a 3 0 !5 0 degradation polarity (Paull and Gellert 1998) , which is the opposite expected from biological considerations. This apparent incompatibility is reconciled by models whereby MRX incises endonucleolytically on dsDNA distal to the DSB, and then digests from the nick to the DNA end in a 3 0 !5 0 direction to leave a 3 0 -overhang on the complementary strand (Garcia et al. 2011) . Although MRX itself is a nuclease, manifestation of its endonuclease requires activation by the Sae2 protein and Mg þ2 (Cannavo and Cejka 2014) , nicely resolving the paradox. MRX, after activation by Sae2, resects dsDNA only a few hundred nucleotides, but this resection is sufficient for gene conversion (Mimitou and Symington 2008; Zhu et al. 2008; Symington 2014) . MRX is essential for resection when DNA breaks are chemically induced, but not when the breaks are cleanly made by HO endonuclease. However, when MRE11 is deleted, there is a delay in resection of clean breaks by the remaining resection enzymes, but not when a point mutation is introduced to eliminate nuclease activity. These findings are compatible with recruitment of STR-Dna2 and Exo1 by MRX to the DNA end as shown in vitro (Cejka et al. 2010a; Niu et al. 2010) .
Members of the RecQ-family are found in most organisms . In S. cerevisiae, there is one ortholog, the Sgs1 helicase (Gangloff et al. 1994 ). Full-length Sgs1 is the most active RecQ-helicase isolated to date (Cejka and Kowalczykowski 2010) . It is involved in both the initial resection step of homologous recombination (Cejka et al. 2010a; Niu et al. 2010 ) and the final separation of a dHJ by dissolution (Cejka et al. 2010b; . The helicase and resection functions of Sgs1 require yeast RPA, are stimulated by interaction with MRX both in vitro and in vivo, and are also stimulated in vitro by Top3-Rmi1, which are essential in vivo (Mimitou and Symington 2008; Zhu et al. 2008; Cejka et al. 2010a; Niu et al. 2010; Chen et al. 2013) .
Whereas Sgs1 is the helicase component of the STR-Dna2 resection machine, Dna2 is the essential nuclease. Dna2 is a helicase-nuclease that was initially noted to have sequence similarity to SF1 helicases and to possess a nuclease domain superficially similar to RecB (Budd et al. 2000) . However, Dna2 actually resembles an AddB/RecD-hybrid, comprising an ironsulfur nuclease (Yeeles et al. 2009 ) and a 5 0 !3 0 helicase, rather than a 3 0 !5 0 helicase as in RecB (Cejka et al. 2010a) . In addition to the aforementioned 5 0 !3 0 helicase, Dna2 has both 3 0 -and 5 0 -exo/endonuclease activities (Bae et al. 1998; Budd et al. 2000) . For resection, the helicase activity of Dna2 is dispensable but not its nuclease activity. Dna2 also directly interacts with Sgs1. The nuclease activity of Dna2 is regulated by specific interaction with RPA to suppress the 3 0 !5 0 degradation, leaving only the 5 0 !3 0 nuclease activity (Bae et al. 2001; Cejka et al. 2010a; Niu et al. 2010) . The coordinated activity of STR-Dna2 and RPA can resect thousands of nucleotides (up to 20,000 in vivo). Despite the many differences between the components of bacterial and eukaryotic resection machinery, the Sgs1-Dna2-RPA complex mimics the functions of x-modified RecBCD to produce 3 0 -tailed resected DNA (Cejka et al. 2010a) . After x-recognition, RecB is the lead helicase subunit, unwinding 3 0 !5 0 ; the nonessential RecD motor travels more slowly 5 0 !3 0 on the opposite strand; and the nuclease domain is threaded onto the 5 0 -end of a DNA strand and cleaves endonucleolytically. Sgs1-Dna2 provides these functions, respectively, in a constitutive (sequence-independent), twomotor, single-nuclease complex. In addition, it is known that Sgs1 interacts directly with Rad51 (Wu et al. 2001) . It is intriguing to speculate that Sgs1 might also coordinate the loading of Rad51 onto the ssDNA produced by STR-Dna2-RPA. Therefore, the STR-Dna2-RPA complex comprises a functional analog of RecBCD/AddAB.
The third means of resecting DNA is via Exo1. Eukaryotic Exo1 is a 5 0 !3 0 dsDNA exonuclease, and a member of the XPG-family (Szankasi and Smith 1992) . It can resect thousands of nucleotides in reactions that are stimulated by RPA and MRX both in vitro and in vivo (Cannavo et al. 2013; Chen et al. 2013) . In contrast to STR-Dna2, stimulation of Exo1 by RPA is not species-specific, implying that stimulation results from elimination of an inhibition of Exo1 by titration with the ssDNA product. Resection of DNA by Exo1 is not synergistic with STR-DNA2 and, in fact, is competitive (Cannavo et al. 2013) .
Chromatin structure has a profound effect on DNA resection. The chromatin remodeling/ regulating protein complexes Fun30, Ino80, and Rsc have partially overlapping functions in facilitating DSB resection (Chen et al. 2012; Costelloe et al. 2012; Eapen et al. 2012) . Loss of all three of these chromatin remodeling activities leads to nearly complete elimination of resection but, as individual mutations, fun30D, has the most severe impact, implying that Fun30 is the major ATP-dependent remodeling factor needed for resection of DSBs by both STRDna2 and Exo1. The loss of Fun30 function alone results in a three-to fourfold reduction in resection (Eapen et al. 2012 ).
Human
In humans, the mechanisms of DNA resection are very similar to those in S. cerevisiae, but with potentially added complexity (Symington 2014) . There is a homolog of MRX, which is MRE11, RAD50, and NBS1 (MRN), and a limited homolog of Sae2, which is CtIP. There are 5 potential homologs of Sgs1 in humans: RECQ1, BLM, WRN, RECQ4, and RECQ5 proteins (Bizard and Hickson 2014). BLM is the clear human ortholog of Sgs1, based largely on the facts that it interacts with human DNA2 to promote DSB resection and also with human TOPO IIIa, RMI1 and RMI2 (TRR) to promote topological dissolution of dHJs (Wu et al. 2000 (Wu et al. , 2006a Wu and Hickson 2003; Nimonkar et al. 2008 Nimonkar et al. , 2011 . Finally, there is a clear ortholog of Exo1, which is also known as EXO1 (although also designated HEX1 [Wilson et al. 1998 ]) (Schmutte et al. 1998; Tishkoff et al. 1998) .
DSB resection by the human complexes follows much of the paradigm established by the biochemical and genetic analyses in yeast. The MRN complex is also a Mn 2þ -dependent exonuclease that resects dsDNA 3 0 !5 0 (Paull and Gellert 1999) , and it is regulated by CtIP (Sartori et al. 2007 ). Interestingly, CtIP interacts with BRCA1, a protein that is also implicated at some as yet undefined step of DNA resection (Yu et al. 1998) . It remains unclear how CtIP affects MRN function, but analogies to the yeast homologs seem compelling (Cannavo and Cejka 2014) .
In humans, there is machinery analogous to yeast STR-Dna2. BLM and DNA2 also interact physically to resect DNA; the reaction is specific to BLM in that none of the other human RecQhelicases can substitute at the initial step of resection of blunt-ended DNA (Nimonkar et al. 2011) . Resection requires the helicase activity of BLM and nuclease activity of DNA2, but the helicase activity of DNA2 is dispensable. The 5 0 !3 0 polarity of resection by BLM-DNA2 is maintained by RPA. In addition, RPA is an essential component for efficient DNA unwinding by BLM. The helicase activity of BLM is further stimulated by the TOPO IIIa-RMI1-RMI2 complex (Daley et al. 2014a ) and also by DNA2, just as in the case of Sgs1. Recruitment by MRN increases the affinity of BLM for DNA ends by 2.5-to 10-fold (Nimonkar et al. 2011) . Furthermore, BLM interacts with RAD51 (Wu et al. 2001) , leaving open the possibility of directed loading of RAD51 onto the newly resected ssDNA.
WRN can also interact with DNA2 (Sturzenegger et al. 2014). Although WRN cannot initiate DSB resection at blunt-end DNA (Nimonkar et al. 2011; Sturzenegger et al. 2014) , WRN does contribute to resection of partially resected DNA in vitro (Sturzenegger et al. 2014 ) and in vivo , showing that these two RecQ-helicases cooperate to promote the long-range resection of a DSB.
Humans also possess a second means for long-range resection that requires EXO1. Either isoform of EXO1 resects dsDNA and is stimulated by BLM, MRN, and RPA (Nimonkar et al. 2011) . BLM increases the affinity of EXO1 for ends by a mechanism that is independent of BLM helicase function, but BLM does not alter the processivity of EXO1 (Nimonkar et al. 2008 (Nimonkar et al. , 2011 . The product of resection can be used by RAD51 to promote formation of joint molecules that remain refractory to disruption by BLM helicase action (Nimonkar et al. 2008) . MRN increases the processivity of EXO1, suggesting that it may remain associated with EXO1 as a co-complex, as resection progresses. CtIP also interacts with EXO1 to increase resection of DSBs (Eid et al. 2010) . It remains to be determined whether stimulation by MRNCtIP is synergistic. Nonetheless, as in yeast, although MRN and CtIP stimulate resection in vivo ), they are not essential for resection by EXO1, showing that cleavage by MRN is not a necessary precursor to resection for some breaks, presumably those with clean-ends. In a further parallel to the yeast system, the human equivalent of Fun30, SMARCAD1, is needed for resection in vivo (Costelloe et al. 2012) .
DSB resection in humans is subject to a complex network of cell cycle-dependent control. In addition to the regulation of MRN via phosphorylation of CtIP by cyclin-dependent kinase (CDK) and deacetylation by human SIRT6 (Sartori et al. 2007; Huertas and Jackson 2009; Kaidi et al. 2010) , there are several competing proteins as well as inhibitory nucleosome structure. The protein 53BP1 prevents resection by binding to the DSB Bunting et al. 2010) . 53BP1 is, in turn, regulated by RIF1, a protein that interacts with 53BP1 to enforce a block to resection and to favor repair by the competing alternative pathway, NHEJ (Chapman et al. 2013; Escribano-Diaz et al. 2013; Zimmermann et al. 2013) ; the mechanism involves both recruitment and complex formation with modified nucleosomes that is beyond the scope of this review (see Panier and Boulton 2014; Zimmermann and de Lange 2014) . BRCA1 is normally needed for resection, but its absence can be suppressed by depletion of 53BP1 or RIF1 (Escribano-Diaz et al. 2013 ).
DNA PAIRING AND DNA ANNEALING
After DSB resection, a RecA or RAD51 filament is assembled on the resultant ssDNA. The RecA/ RAD51 family of proteins is ubiquitous (Morrical 2015) . These are modest proteins as monomers ( 40 kDa), but they assemble into an indefinite filament on DNA that displays a remarkable array of complex activities (Kowalczykowski and Eggleston 1994; Bianco et al. 1998; Cox 2007) . The most unique and relevant function is ATP-dependent homologous DNA pairing and strand exchange. This activity requires formation, in its simplest form, of an ATPbound filament of RecA/RAD51 on ssDNA (the so-called "presynaptic complex" because it forms before the DNA pairing, or "synaptic," step). The RecA and RAD51 filaments differ in many details, but they share the common features of binding 3 nucleotides of ssDNA to form a right-handed helical filament comprising 6 monomers per turn (Stasiak and Egelman 1994) . The active form of RecA/RAD51 requires bound ATP and this filament has a pitch of 9.5 nm (though polymorphic) and the DNA is extended 1.5-fold relative to B-form DNA dimensions. An inactive complex is formed with ADP wherein the filament is 6.5 nm and condensed. ATP hydrolysis is not needed for DNA strand exchange; rather, ATP hydrolysis permits conversion to the inactive ADP-form, which is also less stable and which promotes disassembly (Menetski and Kowalczykowski 1985; Menetski et al. 1990; van Mameren et al. 2009 ).
The presynaptic complex is the active species that searches for DNA sequence homology and that mediates the pairing and exchange of DNA strands. The assembly of RecA/RAD51 onto DNA proceeds by nucleation and growth (Cazenave et al. 1983; Galletto et al. 2006; Joo et al. 2006; Miné et al. 2007; Modesti et al. 2007; Hilario et al. 2009; Bell et al. 2012; Candelli et al. 2014) . Although capable of forming filaments on naked ssDNA, filament formation by RecA/ RAD51 protein is affected, both positively and negatively, by ssDNA-binding proteins and by a growing list of regulatory proteins (see below).
RecA/RAD51 have a love -hate relationship with SSB/RPA. SSB/RPA are members of a ubiquitous class of ssDNA-binding proteins that have no enzymatic activity but that bind ssDNA cooperatively and nonspecifically (Lohman and Ferrari 1994; Wold 1997; Shereda et al. 2008; Chen and Wold 2014) . These proteins can stimulate DNA strand exchange overall (Cox et al. 1983; Sugiyama et al. 1997) . Stimulation is a consequence of the helix-destabilization properties of SSB/RPA, which removes the DNA secondary structure that hinders complete presynaptic complex formation (Sugiyama et al. 1997; Sung 1997) . SSB/RPA also stimulate joint molecule formation and DNA strand exchange by binding to the displaced ssDNA strand, preventing reversal of the strand exchange (Lavery and Kowalczykowski 1992; Eggler et al. 2002) . Paradoxically, SSB/RPA kinetically inhibit presynaptic complex formation when they are bound to ssDNA before assembly of the filament (Kowalczykowski and Krupp 1987; Sugiyama et al. 1997; Sung 1997) . The DNA strand exchange protein must displace the SSB in a slow process that can be accelerated by a mediator protein (see below).
Bacteria
The behavior of RecA has been both studied and reviewed extensively in the past (Kowalczykowski and Eggleston 1994; Bianco et al. 1998; Cox 2007) . Most recently, long-standing unresolved questions have been resolved by single-molecule approaches, summarized here. The assembly of RecA onto single molecules of DNA can be detected by a variety of methods. Initial studies used changes in either the length of DNA because of RecA binding, or the force-extension behavior of the DNA (Léger et al. 1998; Hegner et al. 1999; Shivashankar et al. 1999; Fulconis et al. 2006) ; not only did these experiments establish feasibility, but they showed that nucleation and growth was more distinct than in traditional ensemble biochemical studies. Assembly was cooperative in RecA concentration, and disassembly could be slowed by pulling on the DNA, consistent with the structural finding that RecA extended DNA when bound; a single-filament underwent transitions between the extended ATP structure and the compressed ADP filament, firmly establishing the flexibility of filaments that were turning over ATP (van Loenhout et al. 2009 ). Furthermore, it was inferred that within a RecA-dsDNA filament that was undergoing ATP hydrolysis, up to 32% of the DNA was free to rotate or move within the filament (Hegner et al. 1999) .
Single-molecule fluorescence based on För-ster resonance energy transfer (FRET) showed that a RecA filament grows by addition of monomer to an end, but with faster addition to the 3 0 -end (Joo et al. 2006) . Direct imaging of filament formation revealed that 3 to 5 monomers of RecA are needed to from a nucleus on dsDNA, which could readily grow bidirectionally and indefinitely at 2 to 7 monomers/sec (Galletto et al. 2006; Handa et al. 2009a) . When assembly on SSB-ssDNA complexes was imaged, nucleation was greatly reduced relative to naked ssDNA, showing that filament assem-bly is limited by SSB, consistent with decades of genetic and biochemical observations (Bell et al. 2012) . Nucleation required only a dimer of RecA, whereas growth on ssDNA was also seen to be bidirectional, with a twofold bias for growth by monomer addition in the 5 0 !3 0 direction, in agreement with the FRET study. Interestingly, at physiological conditions, neither nucleation nor growth was occurring at the maximum rate, suggesting that selective pressure maintained a spontaneous rate of filament assembly that restricted uncontrolled filament formation in vivo. The mediator complex, RecFOR, which targets RecA to ssDNA on the 5 0 -side of a junction with dsDNA (Morimatsu and Morimatsu et al. 2012) , increased nucleation of RecA and the RecOR complex, which mediates replacement of SSB by RecA via an interaction with SSB (Umezu et al. 1993) , increased both nucleation and growth of the filament. The net consequence is that nucleation and growth are each increased about threefold, thus establishing key tenets for the action of mediators as catalysts of RecA filament formation on SSB-coated ssDNA (Bell et al. 2012) .
Although RecAwas shown to promote DNA strand exchange in vitro in 1979 (Shibata et al. 1979) , the manner by which it found homologous DNA sequences, recognized sequence identities, and catalyzed exchange of DNA strands was not fully understood until recently. Single-molecule fluorescence microscopy revealed that two kinetic features ensure a rapid homology search. Direct imaging showed that the RecA filament makes multiple simultaneous nonhomologous contacts with dsDNA during the search process, conducting the search in a parallel manner by using the intrinsic polyvalency of the filament for dsDNA binding (Forget and Kowalczykowski 2012) . In agreement, the search occurred about fourfold faster with filaments that were fourfold longer. In addition, the most efficient searching required that the dsDNA target could form a randomly coiled structure that maximized the number of contacts between the filament and the dsDNA. Even though the process seems to be superficially similar to a bulk "coaggregation" phenomenon that had been used to explain the rapidity of the homology search (Gonda and Radding 1983) , macroscopic coaggregation is not needed for homologous pairing (Kowalczykowski and Krupp 1989; Kowalczykowski 1991) ; furthermore, subsequent analyses were more compelling and concluded that the rate-limiting step in ensemble studies was not the search step, but rather a step in dsDNA opening or strand exchange (Julin et al. 1986 ). To highlight the threedimensional nature of the newly illuminated search process, it was termed "intersegmental contact sampling." Homology sampling was envisioned to occur between randomly dispersed segments of dsDNA, using the capacity of the flexible RecA filament to make many contacts with flexible dsDNA within the sampling volume. Given that 15 nucleotides of ssDNA, which is only one turn of a RecA filament, is sufficient for homologous pairing (Hsieh et al. 1992 ), a filament assembled on 1000 nt of resected DNAwould have the potential capacity to search as many as 70 sites in parallel if each could act independently, which could represent a 70-fold enhancement that would further increase if more DNA was resected. A single-molecule analysis of synapsis concluded that for a target site of 1 kb, only 80 bp of dsDNA were involved in a productive homologously paired displacement loop (D-loop) (van der Heijden et al. 2008) . In another study, FRET was used to show that the RecA-ssDNA filament could undergo one-dimensional sliding on dsDNA, a behavior that is well established to accelerate the search kinetics for sequence-specific-binding proteins (Ragunathan et al. 2012) . The filament could slide randomly over a mean distance of several hundred base pairs, providing an enhancement of target searching by 200-fold. Thus, the RecA-ssDNA filament finds homology by randomly contacting many distant dsDNA segments using its multitude of secondary DNA-binding sites, and then uses local sliding to sample up to several hundred different sequences at that locus. This entire search process is completely independent of ATP hydrolysis (Menetski et al. 1990) .
The manner by which DNA sequence homology is recognized has also advanced in un-derstanding recently, primarily by determination of structures of RecA-ssDNA and RecAdsDNA complexes (Chen et al. 2008) . A crucial feature of these structures was the finding that the DNA is not extended isotropically within the filament, but rather it is organized in triplets, with each triplet (of either ssDNA or dsDNA) being separated by nearly complete extension of the phosphodiester backbone to a distance of 7.8 Å . The structures suggested that homologous recognition occurred in units of three nucleotides that pair with three base pairs. The large separation of 7.8 Å immediately suggested an energetic proofreading process, in which the energy cost of stretching could be recovered if the next three nucleotides were homologous, but if not, then the nascent mispaired structure would dissociate. However, if they were homologous, then this microscopic recognition process would be favorable, and this testing of homology could continue in units of three until a stably paired complex was formed (Kowalczykowski 2008) . Modeling, both early and recent, and single-molecule interrogation provided physical insight into the detailed energetics of the process and they predict a unique progression of pairing involving increments of three nucleotide/base pairs (Bertucat et al. 1998; Prévost and Takahashi 2003; Ragunathan et al. 2011; Peacock-Villada et al. 2012) .
Although early studies showed that RecA has the capacity to anneal complementary ssDNA, this activity is completely abolished by SSB, rendering it unlikely to be of biological significance. In fact, a plethora of proteins can promote DNA annealing (Eggleston and Kowalczykowski 1991) . However, in every case examined, save one, annealing is blocked by the binding of SSB to ssDNA. The exception is RecO, which possesses the unique capacity to anneal cognate SSB-ssDNA complexes (Kantake et al. 2002) . RecO is the first member of a class of seemingly ubiquitous proteins that have the singular capacity to anneal complementary ssDNA that is complexed with its cognate SSB: these proteins include yeast Rad52, human RAD52, and T4 phage UvsY Kantake et al. 2002; Jensen et al. 2010 ).
Yeast
The yeast Rad51 protein manifests many of the same properties and behaviors as RecA, but there are notable differences. One is that ATP turnover by Rad51 is much slower, resulting in a filament that is less dynamic (Sung 1994) . A second difference is that Rad51 has a greater affinity for dsDNA than RecA, resulting in formation of inhibitory Rad51-dsDNA complexes (Sung and Robberson 1995) ; in fact, both in vivo and in vitro, these nonproductive complexes are dissociated by the motor protein, Rad54 (Solinger et al. 2002; Shah et al. 2010 ). Finally, ensemble studies show that the net bias of Rad51 filament assembly is opposite to that of RecA, preferentially assembling in the 3 0 !5 0 direction (Sung and Robberson 1995) . As for RecA, RPA will block assembly of Rad51 onto ssDNA, but it will also stimulate DNA pairing by binding to and stabilizing the displaced DNA strand (Sugiyama et al. 1997; Eggler et al. 2002) . Similarly, the assembly and disassembly of Rad51 filaments is regulated by the status of the bound ligand: ADP complexes dissociate more quickly than ATP complexes (Robertson et al. 2009b) .
The manner by which homology is found can be ascertained in vivo in yeast. Direct imaging of yeast cells, in which a DSB was introduced revealed a profound increase in the mobility of the break site, providing a means for sampling a 10-fold greater volume of chromosomal space by the Rad51 filament (Dion et al. 2012; Miné-Hattab and Rothstein 2012; Lisby and Rothstein 2015) . In addition, the mobility of unbroken chromosomal sites also increased, about fourfold. These collective observations reveal a cellular mechanism that alters chromosomal structure and/or fluidity in a way that enhances movement of the Rad51 filament within a less constrained cellular environment to facilitate the homology search.
Recombinational DNA repair by the singlestrand annealing (SSA) and synthesis-dependent strand annealing (SDSA) pathways has been most intensively studied in S. cerevisiae (Mehta and Haber 2014) . Rad52 is essential for these pathways. Like RecO, Rad52 promotes annealing of complementary ssDNA that is complexed with yeast RPA and functions only with its cognate ssDNA-binding protein Sugiyama et al. 1998 ). S. cerevisiae also has a second annealing protein, Rad59, that is a paralog of Rad52 and augments the capabilities of Rad52; the role of Rad59 is manifest when the complementary regions are short (Bai and Symington 1996; Petukhova et al. 1999; Sugawara et al. 2000; Wu et al. 2006b ). Rad59, however, cannot reanneal RPA-ssDNA complexes on its own. Not only is ssDNA annealing function important to SSA and SDSA, but in the classic DSBR mechanism, the second end of the break can pair with the intact chromosome via either direct DNA strand invasion or by DNA annealing with the displaced ssDNA that is coated with RPA. Indeed Rad52 can promote capture of the second end, offering an alternative means of maturing the intermediates of DSB repair (Sugiyama et al. 2006; Lao et al. 2008; Nimonkar et al. 2009 ).
Human
The human ortholog, RAD51, behaves similarly to its yeast counterpart (Baumann et al. 1996; Baumann and West 1997) . It promotes homologous DNA pairing and strand exchange in an ATP-dependent reaction that is stimulated by human RPA. ATP hydrolysis is comparable to yeast Rad51, and the polarity of pairing and invasion is the same, but as noted earlier, opposite to that of RecA.
The behavior of individual nucleoprotein filaments is also similar to that of yeast Rad51. In the presence of ATP, the human protein extends DNA by 50%-60%, and assembles by nucleation and growth Candelli et al. 2014) . Nucleation on DNA involves two to three monomers of RAD51, although larger nuclei could be detected onssDNA.However, incontrast to RecA and Rad51, growth on dsDNA from individual nuclei did not occur indefinitely but rather stopped after addition of 2000 monomers on bare DNA ). On hydrolysis of ATP, the resultant ADP-containing filaments shrink in a manner that is reversed upon subsequent ATP binding (Robertson et al. 2009a ). Repeated cycles of ATP hydrolysis will cause disassembly of the RAD51 filaments, but this can be stopped by applying tension to the dsDNA (van Mameren et al. 2009 ). Disassembly did not occur monotonically in time, but rather was seen to occur in "bursts." These kinetics were interpreted as dissociation of multiple monomers from the filament end when those "capping" monomers had hydrolyzed the bound ATP.
Like yeast, there is a human RAD52 protein that has the capacity to catalyze annealing of ssDNA that is complexed with human RPA (Jensen et al. 2010). However unlike yeast, in which all of recombinational DNA repair is dependent on Rad52 because of its multiple functions, which include involvement both in SSA and SDSA and being a mediator of Rad51 filament assembly (see below), in human, the phenotypic consequences of RAD52 deletion are minimal, and revealed only in BRCA2-deficient cells (Feng et al. 2011) . Although curious, the genetic findings are consistent with the biochemical behavior of human RAD52. Although RAD52 possesses the expected annealing functions, it has lost the capacity to mediate RAD51 assembly on RPA-ssDNA complexes (McIlwraith and West 2008; Jensen et al. 2010 ). This latter function has been acquired by BRCA2 (Jensen et al. 2010; Liu et al. 2010 ). This may suggest that second end capture in not mediated by annealing but rather a second DNA strand invasion event.
MEDIATORS AND MODULATORS OF RecA/ RAD51 FILAMENT FORMATION
Like all biological processes, recombination and its outcome are controlled. As already mentioned, there is both positive and negative regulation of recombination. The first formal "mediator," UvsY protein, was identified in bacteriophage T4 (Harris and Griffith 1989; Kodadek et al. 1989; Yonesaki and Minagawa 1989) . The list of accessory proteins, which are both mediators and modifiers of RecA/RAD51 filaments and their functions, is being uncovered in a seemingly exponential manner, precluding an in-depth review (see Zelensky et al. 2014; Morrical 2015) . Here, only a few examples of these proteins will be discussed to illustrate their range of behaviors and modes of action.
Bacteria
In RecBCD-mediated recombination, E. coli solved the problem of mediating the delivery of RecA to DNA in a most direct and copacetic manner. Rather than deal with the competition of RecA and SSB for the ssDNA created by RecBCD action after the fact, RecBCD directly loads RecA onto the ssDNA as it is being created (Anderson and Kowalczykowski 1997b; Arnold and Kowalczykowski 2000) . It achieves this loading via a cryptic RecA-binding site that is revealed upon x recognition (Churchill and Kowalczykowski 2000 Spies and Kowalczykowski 2006 ). This domain is connected to the main body of the protein by a 70-amino-acid flexible tether (Singleton et al. 2004) . On x recognition, the loading domain is released from its docking site, and binds a dimer of RecA, which is the minimum size for nucleation (Spies and Kowalczykowski 2006) . By virtue of its proximity to the newly produced ssDNA, this domain delivers a RecA nucleus to the DNA before SSB binding. The RecA then grows with a bias toward the 3 0 -end of the ssDNA, which is opposite to the direction of RecBCD translocation. This loading presumably occurs repeatedly, allowing discontinuous growth of RecA filaments on the x-containing ssDNA. To better accommodate the slower RecA growth relative to RecBCD translocation speed, RecBCD reduces its translocation velocity after recognizing and pausing at x ).
x is therefore also a "molecular throttle" and it achieves this reduction in speed by switching motor usage to the RecB subunit (Handa et al. 2005; Spies et al. 2007 ). Thus, by coupling DNA resection directly to RecA loading in the same complex, RecBCD ensures efficient RecA filament formation without the need for intermediaries. It remains to be seen whether any of the eukaryotic machineries will mimic such a concerted and elegant coordination of these steps.
The RecF pathway for recombinational DNA repair is a close analog of the process in eukaryotes. As described earlier, RecQ and RecJ resect dsDNA, and require SSB for efficient DNA unwinding. RecF, RecO, and RecR facilitate the assembly of RecA on SSB-ssDNA (Umezu et al. 1993; Umezu and Kolodner 1994; Morimatsu and Kowalczykowski 2003; Handa et al. 2009b; Bell et al. 2012; Morimatsu et al. 2012 ). These proteins function as two different subcomplexes, RecFOR and RecOR. The RecFOR complex facilitates the loading of RecA onto an SSB-ssDNA complex specifically at the junction between ssDNA and dsDNA (Morimatsu and Kowalczykowski 2003; Morimatsu et al. 2012) . RecF binds to and recognizes the 5 0 -side of the junction, and RecO interacts in a species-specific manner with SSB (Umezu and Kolodner 1994; Morimatsu and Kowalczykowski 2003) . This heterotrimeric complex then recruits RecA to the junction, facilitating its nucleation by threefold, and growth in the presence of RecOR by another threefold, to permit formation of a filament that extends up to 1-2 kb from the junction (Bell et al. 2012; Morimatsu et al. 2012) . The RecOR complex acts in a structure-independent manner to load RecA onto SSB-ssDNA by increasing both nucleation (about twofold) and growth (about threefold).
The RecA filament is also under negative control to limit inappropriate recombination by long-lived RecA filaments. The paradigm for this concept comes from S. cerevisiae (see below), in which both genetic and biochemical studies established the Srs2 helicase as a motor protein that disassembles Rad51-ssDNA filaments (Krejci et al. 2003; Veaute et al. 2003) . The bacterial ortholog of Srs2 is UvrD, which is a 3 0 !5 0 helicase originally identified based on its role in UV-lesion repair. Indeed, UvrD disassembles RecA-ssDNA filaments in an ATP-hydrolysis dependent fashion (Veaute et al. 2005; Petrova et al. 2015) . Similar to yeast, the inviability of uvrD rep double mutants is caused by RecA, and this inviability is suppressed by loss of RecFOR mediator functions (Veaute et al. 2005) .
There are also proteins that bind to the RecA filament and, in doing so, stabilize or destabilize the filament (Lusetti et al. 2004b) . One such protein is DinI, which is DNA-damage inducible. At an amount stoichiometric with RecA, DinI stabilizes RecA filaments by binding to the carboxyl terminus of RecA within the filament, but at higher concentrations, it can bind within the groove of the filament by mimicking ssDNA, and destabilize the filament (Voloshin et al. 2001; Galkin et al. 2011) ; the physiological levels of DinI are at the lower end of this phenomenon. On the other hand, RecX destabilizes the filament by preventing filament growth, resulting in depolymerization, and it functions in many bacterial species to modulate the activity of RecA (Stohl et al. 2003; Lusetti et al. 2004a) . In this regard, RecX, and perhaps DinI, function may be analogous to PCNA-associated recombination inhibitor (PARI), which destabilizes human RAD51 filaments (Moldovan et al. 2012) .
Yeast
In S. cerevisiae, the number of proteins that modify Rad51 assembly or alter filament stability increases by several-fold over the bacteria: these include Rad52, Rad54, Rad55-Rad57 dimer, Rdh54/Tid1, Shu1, Shu2, Psy3, and Csm2 (the latter four comprise the "Shu" or "PCSS" complex).
Rad52 is the prototypic eukaryotic mediator protein (Sung 1997; New et al. 1998 ; Shinohara and Ogawa 1998). Rad52 accelerates assembly of a Rad51 filament on ssDNA that is complexed with RPA. Stimulation results from a species-specific interaction with both the RPA and Rad51. Although the mechanism of this process has not been elaborated in detail, it is likely that the process will parallel the behavior of RecOR wherein both nucleation and growth of the filament are increased.
S. cerevisiae Rad55 and Rad57 are two Rad51 paralogs. These proteins purify as the heterodimeric complex, Rad55-Rad57 (Sung 1997) . These proteins are homologous to Rad51 only within the RecA-core, which contains the ATP binding and hydrolysis motifs; otherwise, there is little homology with each other or with Rad51. Mutations in RAD55 and RAD57 show similar sensitivity to DNA-damaging agents and are defective for recombination (Lovett and Mortimer 1987) . Mutations in Rad55-Rad57 reveal two suggestive genetic features: the phenotypes can be suppressed by either overexpressing Rad51 (Johnson and Symington 1995) or by expressing a Rad51 mutant that has an enhanced ability to form filaments (Fortin and Symington 2002) . These properties are informative because they precisely parallel the types of suppressors of recFOR function in E. coli (Madiraju et al. 1988 ; Thoms and Wackernagel 1988) . Thus, it appears likely that Rad55-Rad57 participate in recombination by enabling nucleation and/or growth of Rad51 filaments on RPA-ssDNA, although they can also act by preventing dissociation too. Indeed, Rad55-Rad57 are incapable of promoting DNA strand exchange, but they do stimulate DNA strand exchange when RPA is present (Sung 1997) .
Recently, a new role for Rad55-Rad57 was discovered (Liu et al. 2011a ). As mentioned above, genetic analyses revealed that mutations in RAD51 suppressed the radiation sensitivity of SRS2 loss, leading to the conclusion that Srs2 helicase reversed Rad51-ssDNA complexes or some other recombination intermediates (Aboussekhra et al. 1992; Chanet et al. 1996) . Srs2 was indeed found to be an antirecombination motor protein with the capacity to dissociate Rad51 filaments in vitro (Krejci et al. 2003; Veaute et al. 2003) , establishing a paradigm of negative control in recombination. Moreover, recently it was found that Rad55-Rad57 blocked disassembly of the Rad51 filament by Srs2 (Liu et al. 2011a ). In accord with this novel function for Rad55-Rad57, deletion of SRS2 suppressed the radiation sensitivity of a rad55 or rad57 mutation (Liu et al. 2011a ). The negative regulation of a negative regulator of recombinational DNA repair highlights the complexity of the process, and the clear cellular need to control this process.
In addition to Rad55-Rad57, there are at least two more Rad51 paralogs in yeast, Shu1 and Psy3 (Shor et al. 2005) . These proteins form a complex with Shu2 and Csm3 to complete the Shu complex (Sasanuma et al. 2013 ). Psy3 and Csm2 form a stable heterodimeric subcomplex. Although Psy3 and Csm2 have no sequence similarly to RecA/RAD51, their structure resembles a near exact copy of a dimer of the RecA/RAD51 core (Tao et al. 2012; Sasanuma et al. 2013 ); thus, they are clearly structural paralogs. Based on their genetic and biochemical attributes, it is evident that the Shu complex stabilizes the Rad51 filament, but through a mechanism yet to be revealed (Sasanuma et al. 2013) .
Rad54 is unique to the eukaryotes. It belongs to the Swi2/Snf2 family of ATP-dependent chromatin remodeling proteins (Flaus et al. 2006 ). Rad54 displays a multitude of activities in vitro (Ceballos and Heyer 2011) . Rad54 is a dsDNA translocase that can translocate at speeds of 300 bp/sec for distances of 10 kbp (Amitani et al. 2006) . It binds to Rad51-ssDNA filaments to facilitate homologous pairing at an early step in the repair process (Petukhova et al. 1998; Mazin et al. 2000) . The binding of Rad54 to the filament confers increased stability to the Rad51-ssDNA in an ATP hydrolysis-independent manner (Mazin et al. 2003) , illustrating a manner of stabilization that bears resemblance to the action bacterial DinI.
Rdh54 (Tid1) is a Rad54 paralog that shares many features of Rad54 (Brown and Bishop 2015) . Its biological functions are overlapping but different, with Rdh54 having a major role in meiosis. Rdh54 is also dsDNA translocase that can travel 10 kbp, albeit more slowly than Rad54 at 85 bp/sec (Nimonkar et al. 2007; Prasad et al. 2007 ). Rdh54 can stimulate the pairing activity of both Rad51 and the meiosisspecific paralog, Dmc1 (Petukhova et al. 2000; Chi et al. 2009 ) through both changes in DNA supercoiling and also by stabilizing the Dmc1 nucleoprotein filament .
Human
In moving to humans, there is another fold increase in complexity. The human proteins that do or could modify RAD51 assembly or stability include BRCA2, RAD51B, RAD51C, RAD51D, XRCC2, XRCC3, RAD52, PALB2, SWS1, SWSAP1, RAD54, RAD54B, SWI5, and SFR.
The full-length human BRCA2 shows a robust mediator function in vitro, as defined by its capacity to promote assembly of RAD51 onto ssDNA complexed with RPA (Jensen et al. 2010; Liu et al. 2010) . In this regard, BRCA2 has clearly usurped the mediator function from RAD52, but not the annealing function (Jensen et al. 2010) . However, the manner by which BRCA2 promotes assembly is different from the canonical picture describe above for RecO/Rad52. BRCA2 does not interact with either RPA or RAD52; however, it does bind at least six monomers of RAD51 and likely up to eight, in a species-specific manner, via its eight BRC repeats. BRCA2 also binds to any ssDNA with high affinity (K d nM) in a structure-independent manner (i.e., a junction with dsDNA is not required). Consequently, the simplest mechanism for BRCA2 function is that it delivers its cargo of bound RAD51 molecules to the ssDNA by virtue of high affinity for ssDNA and its capacity to displace the resident RPA. The mechanism is more sophisticated, however. The BRC repeats are not identical in both sequence and function, and they are partitioned with BRC1, 2, 3, and 4 binding free RAD51 tightly, whereas BRC5, 6, 7, and 8 preferentially bind to RAD51 that is bound to ssDNA (Carreira et al. 2009; Carreira and Kowalczykowski 2011) . Furthermore, BRC repeats 1-4 block ATP hydrolysis by RAD51, which prevents RAD51dissociation from ssDNA and also keeps RAD51 in the active ATP-bound structural form. This partitioning of labor suggests a mechanism wherein BRCA2 delivers four molecules of RAD51 to the ssDNA to serve as the nucleus to initiate assembly, and then the next four BRC repeats stabilize the next four molecules of RAD51 as they bind to ssDNA on addition to the nucleus. In this way, BRCA2 can chaperone nascent filament assembly of up to eight RAD51 monomers, which would comprise slightly more than one complete turn of the filament (about six monomers).
Despite the suggestive functional analogies to the yeast homolog, human RAD52 is not a mediator in the sense that it does not assist assembly of RAD51 onto RPA-ssDNA (Jensen et al. 2010 ); BRCA2 fulfills this role. However, in the absence of RPA, RAD52 does stimulate DNA strand exchange by RAD51 when the concentration of RAD51 is substoichiometric rela-tive to the ssDNA (Benson et al. 1998 ). The mechanism is not completely clear, but it may be caused by recruitment of RAD51 by RAD52, conditioning of the filament, or by simply titrating out the excess ssDNA. However, yeast Rad52 manifests a similar behavior in the absence of RPA; this second role was proposed to arise from stabilization of the Rad51 presynaptic filament by species-specific interaction with Rad52 (New and Kowalczykowski 2002) .
The RAD51 paralogs were initially identified by searching cDNA sequence databases for genes with similarity to RAD51 (see, e.g., Albala et al. 1997) or as genes that complemented the X-ray sensitivity of specific cultured hamster cell lines ("X-ray repair cross complementing"; see, e.g., Cartwright et al. 1998; Liu et al. 1998 ). Subsequently, it was discovered that mutation of these genes conferred genome instability, sensitivity to DNA damaging agents, and recombination defects. These proteins form at least four distinct of heterodimeric and heterotetrameric complexes, including RAD51B-RAD51C, RAD51D-XRCC2, RAD51C-XRCC3, and RAD51B-RAD51C-RAD51D-XRCC2 (Masson et al. 2001a,b; Sigurdsson et al. 2001) . Adding to this complexity are the proteins SWS1, an ortholog of a component of the yeast Shu complex protein, and SWSAP1, a protein that interacts with SWS1 and has a predicted RecA-core Liu et al. 2011b ). SWS1 also binds to RAD51D. In addition, SWSAP1 interacts with RAD51 and also with all of the RAD51 paralogs, except XRCC2, leading to a multitude of possible cocomplexes. The SWS1-SWSAP1 complex, like most of the paralog subcomplexes, binds to ssDNA and is a weak ATPase. The proteins are not expressed abundantly in cells, and they are poorly behaved in vitro. For these reasons, understanding their biological and biochemical behaviors has been challenging. However, the finding that the phenotypes of cells deficient in RAD51B, RAD51C, RAD51D, XRCC2, or XRCC3 can be partially suppressed by overexpression of RAD51, just as seen for RecFOR mutants in bacteria and for Rad55-Rad57 mutants in yeast, gives support to the notion that the paralogs are mediators, or that they stabilize the Rad51 filament (Takata et al. 2001) . A study on RAD51B-RAD51C showed their capacity to partially alleviate the inhibition imposed by RPA on the assembly and function of the RAD51 filament (Sigurdsson et al. 2001) . Highlighting the importance to chromosome maintenance and the connection to BRCA2, RAD51B, RAD51C, and RAD51D are known tumor suppressors linked to breast and ovarian cancer (Meindl et al. 2010; Somyajit et al. 2010; Loveday et al. 2011; Orr et al. 2012) .
Given the existence of motor proteins in bacteria and yeast that disassemble presynaptic filaments, analogs should exist in humans. However, human cells do not have an identified ortholog of UvrD/Srs2, although they do have orthologs of the other regulatory helicases. In fact, there is a surfeit of helicases that can dissociate RAD51-ssDNA filaments: BLM, RECQ5, FANCJ, and FBH1 (Bugreev et al. 2007b; Hu et al. 2007; Fugger et al. 2009; Sommers et al. 2009; Simandlova et al. 2013 ). Which protein is most important, how these are targeted, and whether they are blocked by any of the RAD51 paralogs or their associated proteins remains to be determined. Although there is no identified ortholog of Srs2 in humans, human FBH1 can suppress some defects of S. cerevisiae Srs2, implicating it as a functional analog of Srs2/UvrD (Chiolo et al. 2007) . Although not present in budding yeast, it is found in Schizosaccharomyces pombe and vertebrates (Kim et al. 2002) . So, perhaps FBH1 has assumed the functions of Srs2/UvrD in human cells. FBH1 is a member of the UvrD-like SF1 helicases and it can strip RAD51 from ssDNA (Wu and Hickson 2006; Simandlova et al. 2013 ). In addition, both BLM and RECQ5 interact with RAD51, suggesting possible recruitment of the helicase to RAD51, or vice versa (Wu et al. 2001; Schwendener et al. 2010) . The RAD51D-XRCC2 complex does interact with BLM, but rather than inhibit, it stimulates the unwinding of a fourway junction by BLM (Braybrooke et al. 2003) .
PALB2 is another tumor suppressor gene that interacts with BRCA1 and BRCA2 (Xia et al. 2006; Rahman et al. 2007; Reid et al. 2007; Zhang et al. 2009 ). PALB2 binds to DNA, preferring D-loop structures; it interacts with RAD51; and it stimulates joint molecule formation by RAD51 (Buisson et al. 2010; Dray et al. 2010 ). Its action is cooperative with another protein that interacts with RAD51, RAD51AP1, and stimulation is not at the presynaptic step but rather at the synaptic step by promoting an interaction with the dsDNA target and potentially stabilizing the D-loop (Dray et al. 2010) . In another report, PALB2 is found to act synergistically with a truncated "piccolo" BRCA2 construct, but the basis for stimulation of RAD51 was different, resulting from alleviation of inhibition by RPA and stabilization of the filament (Buisson et al. 2010) .
Another stimulatory protein in humans and other mammals is the SWI5-SFR1 complex (Akamatsu and Jasin 2010). This complex is the ortholog of S. pombe Swi5-Sfr1 complex and S. cerevisiae Sae3-Mei5 complex, which functions only during meiosis in the budding yeast (Akamatsu and Jasin 2010; Yuan and Chen 2011) . Knockdown of either component resulted in DNA-damage sensitivity, reduced RAD51 focus formation, and impaired recombination. SWI5-SFR1 interacts with RAD51, stabilizes the RAD51 filament, and stimulates DNA pairing (Yuan and Chen 2011; Tsai et al. 2012) . Furthermore, SWI5-SFR1 increases the release of ADP from the RAD51 filament, preventing accumulation of the inactive ADP-form (Su et al. 2014) . This is an intriguing mechanism for enhancement of RAD51 function that had originally been ascribed to XRCC2 (Shim et al. 2004) . It remains to be determined how this function is distributed between these proteins, and the magnitude of the enhancement attributable to nucleotide exchange.
Humans also have two RAD54 homologs, RAD54 and RAD54B (Hiramoto et al. 1999) . Both proteins associate with RAD51, and RAD54 stimulates DNA pairing by RAD51 (Tanaka et al. 2002; Mazina and Mazin 2004) . RAD54 introduces topological changes to duplex DNA, but whether the human RAD54 proteins stabilize the RAD51 complex is unknown (Ristic et al. 2001) .
Finally, as mentioned earlier, humans have an apparent functional analog of RecX, which is PARI (Moldovan et al. 2012) . PARI resembles a domain of UvrD, but lacks the Walker A and B motifs so it does not hydrolyze ATP. PARI interacts stoichiometrically with RAD51 and results in disassembly of RAD51-ssDNA filaments when they are hydrolyzing ATP. It is unclear whether PARI destabilizes the filament, or blocks its reassembly after dissociation, which is the mechanism by which the BRC repeats contribute to the dissociation of RA51-dsDNA complexes (Carreira et al. 2009 ). In vivo, PARI reduces recombinational DNA repair and its knockdown results in hyperrecombination. Consequently, like RecX, PARI is a physiological modulator of RAD51 function.
REGULATION OF DNA PAIRING BY DNA MOTOR PROTEINS
The preceding section gave examples of control at the level of presynaptic filament formation. A second level of control is at the level of the joint molecule, either extending the length of the heteroduplex joint by three-strand or four-strand DNA branch migration, or by disrupting the joint molecule to reverse the paired DNA intermediate. The control of filament formation has essentially a yes/no decision with regards to recombination. However, control exerted at the level of joint molecules has several possible complex outcomes: disruption of a joint molecule that had not been replicated aborts recombination; disruption of a joint molecule that had been replicated can lead to recombination DNA repair by SSA or SDSA; and extension of a joint molecule can stabilize the nascent joint molecule and lead to HJ or dHJ formation. The role of motor proteins in determining the fate of nascent joint molecules will be summarized (for a more extensive elaboration, see Heyer 2015 and Daley et al. 2014b ).
Bacteria
Several proteins in E. coli recognize joint molecules or Holliday junctions Wyatt and West 2014) . RecQ, in addition to its role in initiation, can disrupt joint molecules that were made by RecA by unwinding the nascent pairing product (Harmon and Kowalczykowski 1998) . This activity requires its motor function, and is consistent with its known in vivo function of disrupting aberrant intermediates that give rise to illegitimate recombination events (Hanada et al. 1997) . Likewise, UvrD will also disrupt nascent D-loops produced by RecA, but it can also complete DNA strand exchange, via branch migration, for joint molecules that have progressed beyond a certain size (Morel et al. 1993) . These activities likely represent the capacity of UvrD to bind either the invading strand or the displaced strand and unwind the heteroduplex or duplex DNA, respectively.
The branch migration of HJs is likely promoted primarily by the RuvAB complex (Iwasaki et al. 1992; Tsaneva et al. 1992) . The structure of RuvAB complex reveals a beautiful combination of four-way junction recognition by RuvA tetramer and the motor, or pump, activity of the RuvB hexamers (Rafferty et al. 1996; Yamada et al. 2002) . Migration of a HJ proceeds at up to 50 -100 bp/sec, for distances of 7 kbp (Amit et al. 2004; Dawid et al. 2004 ). RecG can also migrate HJs, either in the direction of RecA-promoted heteroduplex extension or in the opposite (or reverse) directions (Whitby et al. 1993) ; it can also disrupt protein-free Dloops and R-loops (McGlynn et al. 1997) . The current view is that the primary function of RecG is to promote reverse branch migration, or regression specifically from a stalled replication fork, to form HJs that can be used in a number of different pathways to restart replication (Syeda et al. 2014) .
Yeast
In S. cerevisiae, Srs2 unwinds three-stranded structures that resemble D-loops, as was observed for bacterial UvrD, and Rad51 stimulates DNA unwinding by Srs2 (Dupaigne et al. 2008) ; the overexpression of Srs2 nearly eliminates crossover recombinants, which supports the biochemical observations (Ira et al. 2003) . In addition, Mph1, which is also a 3 0 !5 0 DNA helicase, disrupts joint molecules that were made with Rad51 (Prakash et al. 2005; Prakash et al. 2009 ) and will promote three-and fourstranded branch migration (Zheng et al. 2011 ). Sgs1 will also disrupt D-loops devoid of protein, but not D-loops formed with Rad51 (Fasching et al. 2015) . However, in addition, in the presence of Top3, Sgs1 will promote a novel "D-loop dissolution" reaction to disrupt the paired three-stranded DNA complexes in a process that requires a species-specific recruitment of Sgs1-Top3 by Rad51; this reaction has molecular parallels to dHJ dissolution discussed below. Finally, Rad54 can dissociate Rad51 from a Dloop to strip it clean in preparation for DNA synthesis and, paradoxically, even disrupt the D-loops (Solinger et al. 2002; Bugreev et al. 2007a; Li and Heyer 2009 ). Interestingly, however, with longer DNA substrates, Rad54 acts as a "heteroduplex pump" to stabilize and extend nascent joint molecules made by Rad51 (Wright and Heyer 2014) .
Rad54 will also drive four-strand DNA heteroduplex extension due it high affinity for a four-way junction having one ssDNA arm (Solinger and Heyer 2001; Bugreev et al. 2006 ). Rad51 stimulates this branch migration capacity of Rad54 (Rossi and Mazin 2008) . Like Rad54, Rdh54 can also use its dsDNA translocation capacity to disrupt joint molecules that it has encountered on the duplex DNA track (Nimonkar et al. 2007 ), but presumably when properly targeted by Rad51 or Dmc1, the motor activity will result in productive heteroduplex extension.
Genetic analysis of plasmid DNA gap repair showed that 90% of recombination events do not lead to crossover formation. Sgs1, Mph1, and Srs2 contributed to formation of noncrossover products by promoting SDSA via D-loop disruption (Mitchel et al. 2013) . In wild-type cells, Mph1 was inferred to be the primary helicase that disrupted D-loop intermediates although, in its absence, Sgs1 and Srs2 could participate. In addition, Sgs1 acted in dissolution of dHJs, and Srs2 was proposed to also dismantle nicked HJs (Mitchel et al. 2013) .
Human
Human cells have several orthologs of the regulatory helicases. Of the five RecQ-helicases, BLM, WRN, and RECQ1 will disrupt proteinfree D-loops. As for Sgs1, BLM disrupts joint molecules made by RecA or devoid of RAD51 (Bachrati et al. 2006; Bugreev et al. 2007b; Popuri et al. 2008) , but not when RAD51 is active and bound to the D-loop (Nimonkar et al. 2008) . Similarly, WRN can disrupt naked Dloops (Orren et al. 2002; Opresko et al. 2009 ), as can RECQ1 (Popuri et al. 2008; Mazina et al. 2012) ; their activity on D-loops with RAD51 present was not tested. The inability of BLM to disrupt joint molecules bound by RAD51 may suggest that other helicases, such as FANCM, are responsible for dealing with human RAD51-bound structure, or that RAD51 is first removed by RAD54.
In contrast to the DNA helicases, however, the dsDNA translocases RAD54, SMARCAL1, and ZRANB can disrupt D-loops made either with or without RAD51 because of their capacity to translocate on dsDNA and to branch migrate the homologously paired or branched structures that they might encounter (Bugreev et al. 2006 (Bugreev et al. , 2007a Betous et al. 2012 Betous et al. , 2013 Ciccia et al. 2012) . These proteins branch migrate various three-and four-way junctions. SMAR-CAL1 behaves similarly to bacterial RecG, and it was recently suggested that these two proteins are functional analogs (Betous et al. 2013) .
In addition to these dsDNA translocases, several helicases can branch migrate four-way junctions. BLM can specifically bind a HJ and migrate it several kbp (Karow et al. 2000) . RECQ1 is another helicase that has the capacity to migrate both three-and four-stranded intermediates for at least several hundred base pairs (Bugreev et al. 2008; Mazina et al. 2012) .
FANCM is yet another helicase that binds to HJs with both high specificity and affinity (subnanomolar); it also promotes branch migration of HJs over distances of up to 2.6 kbp (Gari et al. 2008) . The capacity of BLM to specifically migrate HJs parallels the behavior of Sgs1 and it is needed for the dissolution process described below.
DISSOLUTION AND RESOLUTION OF SINGLE AND DOUBLE HOLLIDAY JUNCTIONS
In 1964, the four-way junction that joins two DNA duplexes was proposed as the structure for an intermediate of genetic recombination (Holliday 1964) . The prescience of this proposal and the utility of the structure have established the Holliday junction as dogma in the recombination field. When the two joined DNA duplexes are fully homologous, this four-way junction can branch migrate, resulting in the genetically verified tracts of heteroduplex DNA. Branch migration can random, driven by thermal energy, or it can be directional, catalyzed by a motor protein.
To separate the two DNA molecules, at least transient endonucleolytic cleavage is required. Separation was initially was proposed to involve symmetric cleavage and was envisioned to occur by a nuclease that was "smart" enough to cut across the junction and, ideally, to not cutoff one arm. Furthermore, many models of recombination proposed two HJs; largely for expedience, it was proposed that each could be cleaved independently. However, it was subsequently recognized that parental duplexes joined by a dHJ possessed a unique attribute that was absent in duplexes joined by a single HJ: namely, the intermediate with a dHJ represents two topologically linked duplex DNA molecules (a multiply linked hemicatenane). This realization meant that, in principle, the two chromosomes could be separated by transiently passing single strands of DNA through each of the intertwined parental duplexes to unlink them and with the concomitant movement of one junction toward the other (Nasmyth 1982; Wang et al. 1990 ). This process was envisioned to require a type IA topoisomerase, perhaps assisted by a motor protein to move the HJ and/or to produce ssDNA for the topoisomerase. Such a separation was elegantly shown using BLM and topoisomerase IIIa (Topo IIIa), in a process now called "dissolution" to distinguish it from nucleolytic "resolution" . These processes are comprehensively addressed elsewhere Wyatt and West 2014) .
The interesting feature of these two very different reactions is that symmetric cleavage by a nuclease produces a 50:50 mixture of crossover and noncrossover recombinants, whereas dissolution leads to only noncrossovers. Biologically, this is an important distinction because crossovers at nonallelic sites can cause chromosomal translocations, and crossovers between homologs can lead to loss of heterozygosity (LOH), a phenotype commonly associated with cancer progression. For bacteria, a single crossover (or any odd number) between circular chromosomes produces a dimeric circular chromosome that cannot partition into daughter cells on cell division.
Bacteria
The RuvAB complex, introduced earlier, is a specialized DNA motor complex that binds to a HJ, and extends the DNA heteroduplex by migrating the crossover point. The RuvAB complex functions with RuvC, which is the prototypic endonuclease that recognizes and cleaves a HJ to introduce concerted cuts across the junction (Bennett et al. 1993; Eggleston and West 2000; Wyatt and West 2014) . RuvC functions as a dimer, and it has a 1000-to 10,000-fold affinity for HJs over dsDNA (West 1997) . Cleavage occurs preferentially at 5 0 -(A/T)TT(G/ C)-3 0 and is precisely symmetrical in that the product molecules can be religated. Resolution depends on homology at the junction and is unbiased on naked HJs, but is biased toward crossover recombinants (3:1) when RecA is present.
E. coli possesses orthologs of BLM and Topo IIIa, RecQ and topoisomerase III (Topo III). Topo III is a type IA topoisomerase that passes one strand of DNA through another (Wang et al. 1990 ). RecQ helicase specifically stimulates the activity of Topo III to catenate and decatenate dsDNA by catalyzing a series of ssDNA passes (Harmon et al. 1999 (Harmon et al. , 2003 . In a manner analogous to the eukaryotic counterparts (Cejka et al. 2010b; Bocquet et al. 2014) , RecQ and Topo III will also dissolve a dHJ (K Morimatsu and SC Kowalczykowski, unpubl.) .
Yeast
The search for eukaryotic HJ resolution enzymes encountered many proverbial "forks in the road." Apart from the mitochondrial enzyme, CCE1, the first protein reported to cleave HJs was Mus81-Mms4 (Mus81-Eme1 in S. pombe) . Mus81 is a member of the XPF-family of nuclease and it was discovered by virtue of its interactions with the checkpoint kinase, Cds1, in S. pombe and with Rad54 in S. cerevisiae (Boddy et al. 2000; Interthal and Heyer 2000) . Although the protein from extracts and pull-down fractions could cleave HJs , the purified protein cleaved only nicked HJs or a variety of flexible DNA structures with ssDNA character (Ehmsen and Heyer 2008) . In addition, unless a nicked HJ was used, the cleavage products were not perfectly symmetrical, because the cleavage products could not be religated. These finding led to the nonexclusive ideas that a component or modification is missing from the Mus81-Mms4/Eme1 reactions, a nicked HJ is the actual biological intermediate, or another factor cleaves intact HJs. A possible resolution to this discrepancy was identified when it was discovered in S. pombe that phosphorylation, dependent on Cdc2 (CDK1) and Rad3 (ATR), activated Mus81-Eme1 to cleave HJs (Dehe et al. 2013) . Interestingly, the interaction with Rad54 stimulates Mus81 and may help target it to HJs (Matulova et al. 2009 ).
In addition to Mus81-Mms4, there are several other nucleases including Slx1 and Slx4, which form a co-complex (Fricke and Brill 2003; Ashton et al. 2011; Schwartz et al. 2012) . In mammals, Slx1-Slx4 interacts with Mus81-Mms4, but not in S. cerevisiae. Both Mus81-Mms4 and Slx1-Slx4 are structure-selective nucleases that cleave many branched structures including nicked HJs. In general, the products of these reactions are not ligatable, implying asymmetric cutting, further emphasizing the distinction between the prokaryotic and eukaryotic nucleases. Yet another nuclease capable of HJ cleavage is Yen1, a member of the Rad2-family of nucleases (Ip et al. 2008) . Notably, purified Yen1 dimerizes and cleaves intact HJs by introducing two concerted cuts and the cleavage is largely symmetric. Although it cleaves intact HJs, its specificity and that of its human homolog, GEN1, is not high as it cleaves other DNA structures including three-way junctions (Ip . One notable characteristic of Yen1 is that it is not always located in the nucleus: throughout S phase, phosphorylation by Cdk inactivates its catalytic activity and prevents nuclear import; however, at anaphase, Cdc14 phosphatase activity permits nuclear entry and activates cleavage function (Blanco et al. 2014; Eissler et al. 2014 ). Yen1 is not essential, and its need is revealed only in cells lacking Mus81-Mms4, suggesting that the intermediate and HJ structures normally processed by Mus81-Mms4 accumulate to a level where their cleavage by Yen1 becomes essential (Ho et al. 2010; Mazon and Symington 2013) . Collectively, these findings suggest that Mus81-Mms4 and Slx1-Slx4 act on HJs, nicked HJ, and joint molecules, throughout S phase; at anaphase, any uncleaved recombination or replication intermediates are cleaved by the activated Yen1.
S. cerevisiae has orthologs of BLM-TopIIIa, Sgs1-Top3. Sgs1-Top3 also interacts with Rmi1 via Top3 (Chang et al. 2005; Mullen et al. 2005; Chen and Brill 2007) . Sgs1 shows a marked preference for binding to and unwinding HJs (Cejka and Kowalczykowski 2010) . The Sgs1-Top3-Rmi1complex promotes dHJ dissolution, with Rmi1 playing an important role in decatenation of the dHJ (Cejka et al. 2010b ). This reaction is most efficient when the cognate ssDNA-binding protein is present, because of a species-specific role for RPA in Sgs1-dependent DNA unwinding. Genetic observations show that Sgs1-Top3-Rmi1 function to directly dissolve about one-half to two-thirds of dHJ intermediate, ensuring that these repair events will not result in crossovers (Ira et al. 2003; Mitchel et al. 2013; Mehta and Haber 2014) .
Human
In parallel with the work in S. pombe, MUS81 was identified as a HJ cutting enzyme in human cells (Chen et al. 2001) . It is structure-selective, and the enzyme from pull-downs can cleave HJs. MUS81 shares many of the same general properties as the yeast enzymes, including interaction with an EME1 ortholog (Ciccia et al. 2003; Ogrunc and Sancar 2003) . MUS81-EME1 also interacts specifically with RAD54 and is stimulated by this interaction, suggesting both targeting to HJs and cooperation in their processing (Mazina and Mazin 2008) . There is a second EME1 homolog, EME2; the purified MUS81-EME2 complex is also a structure selective nuclease that cleaves intact HJs, as well as nicked HJs and other intermediates (Amangyeld et al. 2014; Pepe and West 2014) . Humans also have orthologs of SLX1-SLX4, which were also found to cleave HJs, albeit in two separate nicking events (Fekairi et al. 2009; Svendsen et al. 2009; Wyatt et al. 2013 ). SLX1-SLX4 binds MUS81-EME1 and cleavage by this heterotetrameric complex is more effective than by either complex alone and the products are symmetric (Wyatt et al. 2013) . Similarly, humans have an ortholog of Yen1, called GEN1 (Ip et al. 2008) . Like Yen1, GEN1 will cleave a variety of branched DNA molecules. Holliday junction cleavage was only 7-and 20-fold greater than that observed with 5 0 -flap or replication fork substrates, respectively, but cutting was concerted because of dimerization of GEN1 and 55% of the products were ligatable (Ip et al. 2008; Rass et al. 2010; Wyatt et al. 2013 ). For comparison, equivalent reactions with SLX1-SLX4 produce 16% ligatable product, and those with MUS81-EME1 only 2% (Wyatt et al. 2013) . However, like Yen 1, GEN1 is not in the nucleus during S phase, and only after breakdown of the nuclear envelop is GEN1 introduced to DNA (Chan and West 2014) . Given its broad substrate specificity and, that in its absence, there is an abundance of anaphase bridges, GEN1 plays an important function as a debranching enzyme to remove unprocessed HJs and the Y-forks that remain after unfinished recombination and replication, allowing chromosomal segregation. Clearly, resolution of the manner(s) and mechanism(s) by which HJs are resolved is ongoing.
Dissolution of dHJs was first discovered using the human BLM helicase and Topo IIIa. A clever model substrate made from oligonucleotide substrates, with a linking number of 1 -2 was initially used to show that this complex could separate and unlink the DNA molecules topologically . Subsequently, it was shown that RMI1 stimulated dissolution (Raynard et al. 2006; Wu et al. 2006a ). RMI1 (BLAP75) is a largely conserved protein that interacts with TOPO IIIa (Yin et al. 2005; Bocquet et al. 2014 ). Subsequently, RMI2 (BLAP18) was discovered as another component that further stimulated dHJ dissolution (Singh et al. 2008; Xu et al. 2008 ). Therefore, the mechanim of dissolution is highly conserved, and offers an elegant way to separate recombination products without the potential for a crossover between the parental participants.
CONCLUDING REMARKS
So much is known, yet so much remains to be learned. The understanding of recombination has developed remarkably from the pioneering cytological and genetic analyses, and current studies continue to increase in sophistication. There is no doubt that additional proteins that control or effect recombinational DNA repair will be uncovered, especially in mammals. The role of posttranslational modifications was hardly mentioned in this review. Nonetheless, control via phosphorylation is well documented and, no doubt, will continue to become better appreciated. In addition, regulation through sumoylation and ubiquitylation represents yet another combinatorial challenge and frontier. The last few decades have seen the growing realization that recombination intersects with all aspects of DNA metabolism including other types of DNA repair, replication, and transcription. Research at these interfaces will continue to yield a better-integrated picture of the role of recombination in cellular function. The next generation of research will see greater integration of these once disparate areas, as well as the continued convergence of methods from chemistry, synthetic biology, systems biology, and physics. Without doubt, such convergence will not only provides new knowledge about these processes, but also will have great impact on human health, especially for diseases with close links to recombination, such as cancer and Fanconi anemia. The now full appreciation that recombination in E. coli is fundamentally the same as in Elephas maximus, means that an understanding of recombination in all organisms will inform application of established concepts such as synthetic lethality to treatments of human disease, which was so successfully shown for PARP ( poly[ADP-ribose] polymerase) inhibitors, as well as facilitate identification of new targets and new therapeutics. Last but not least, I fully expect that new fully unexpected things will continue to be learned.
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